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ABSTRACT
The Atacama Cosmology Telescope (ACT) is a 6 m telescope located in the Atacama Desert, designed to
measure the cosmic microwave background (CMB) with arcminute resolution. ACT, with its third generation
polarization sensitive array, Advanced ACTPol, is being used to measure the anisotropies of the CMB in five
frequency bands in large areas of the sky (∼ 15, 000 deg2). These measurements are designed to characterize the
large scale structure of the universe, test cosmological models and constrain the sum of the neutrino masses. As
the sensitivity of these wide surveys increases, the control and validation of the far sidelobe response becomes
increasingly important and is particularly challenging as multiple reflections, spillover, diffraction and scattering
become difficult to model and characterize at the required levels. In this work, we present a ray trace model of the
ACT upper structure which is used to describe much of the observed far sidelobe pattern. This model combines
secondary mirror spillover measurements with a 3D CAD model based on photogrammetry measurements to
simulate the beam of the camera and the comoving ground shield. This simulation shows qualitative agreement
with physical optics tools and features observed in far sidelobe measurements. We present this method as an
efficient first-order calculation that, although it does not capture all diffraction effects, informs interactions
between the structural components of the telescope and the optical path, which can then be combined with more
computationally intensive physical optics calculations. This method can be used to predict sidelobe patterns in
the design stage of future optical systems such as the Simons Observatory, CCAT-prime, and CMB Stage IV.
Keywords: CMB instrumentation, mm-wave, optics, sidelobes, sub-mm astronomy, stray light, systematic
effects
1. INTRODUCTION
The Atacama Cosmology Telescope1 (ACT) is a 6 meter telescope intended to measure the cosmic microwave
background (CMB) at arcminute scales and larger. Recent upgrades to the ACT have been deployed: ACT-
Pol,2 the first polarimeter consisting of three kilopixel cameras was deployed in 2013 and Advanced ACTPol
(AdvACT),3 a set of three two-kilopixel cameras was deployed in 2016. These upgrades expanded the frequency
coverage, increased the sensitivity of the experiment4,5 and were combined with enlarged sky coverage.6 Large
area surveys motivate the need to understand the response of the system at large angles from the main beam
as wider scans are more susceptible to sun and moon contamination. This contamination can be avoided if
understood well, by incorporating the sidelobe map into the observation strategy design7 and by implementing
baffles that control the sidelobes.
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Large angle sidelobes can be difficult to model and measure for large optical systems.8–12 They are usually
generated by interactions between optical elements and non-idealities in the optical chain. Representative sources
contributing to the telescope’s sidelobe response include: multiple reflections between optical elements, reflections
off baffling structures, scattering off optical elements and panel gap diffraction. Diffraction requires detailed
electromagnetic modeling (see for example Fluxá et al. 201610), which is often computationally intensive, making
exploratory analyses impractical for systems that are thousands of wavelengths in size. In addition, it requires
a detailed understanding of the material properties of all the internal components of the optical chain, some
of which are difficult to obtain. Simpler techniques are needed in order to quantify the sidelobe pattern of the
system.
In this work, we report a model that was built using commercial ray tracing software (Zemax OpticStudio13)
to simulate the far sidelobe pattern of the Atacama Cosmology Telescope (ACT) based upon the measured
near field power pattern P (θ) of the receiver camera. This model combines measurements of the geometry of
the telescope from photogrammetry with a beam model fit from measurements of the receiver camera sidelobe
pattern as it was installed in the field. This modeling technique allows rapid prototyping (with run times of
fractions of hour for a quad core machine) as it is able to identify the dominant part of the sidelobe pattern after
a finite number of reflections. Polarization can be included in this model, but it is not explored here and is left as
a future work. This is important as in general scattering and reflections can induce polarization.14 This model
explains a number of sidelobe features observed in ACT far sidelobe maps, we also show general agreement with
a partial physical optics model which is under development (with run times of ∼ 30 hours in a 32-core machine).
We compare the measured camera beam with physical optics models of the receiver camera and find that
the measured camera spillover level is inconsistent with diffraction alone (for perfectly absorbing camera inner
walls) at the Lyot stop and camera lenses. We discuss how this relates to the existence of scattering inside the
camera and current work in progress to understand and improve this for future CMB experiments. This modeling
technique is currently being used to inform the design stage of the Simons Observatory and CCAT-prime. In
Section 2, we discuss how the 3D CAD model was built from measurements performed with photogrammetry.
Section 3 shows the experimental setup to measure the camera beam map. Section 4 discusses the optical ray
trace model and Section 5 results.
2. PHOTOGRAMMETRY MODEL
We built a 3D CAD model that describes the geometry of the upper structure of ACT. This model includes the
two mirror geometry, comoving ground shield, secondary mirror baffle and camera baffle. The positions of each
panel in the comoving shield and baffling structure were measured with a photogrammetry system to describe
the geometry of the telescope in its current state after minor modifications throughout the seasons.
The photogrammetry system consists of a series of patterned stickers (photogrammetry targets) which are
photographed by a Nikon 600D camera and processed with the Agisoft Photoscan∗ software that generates the
3D positions of these targets. We use the measured positions of the targets to create a best fit model that
represents the shape of the telescope upper structure’s planar faces. The primary and secondary mirrors are
drawn using the optical specifications of ACT.15 Figure 1 shows the resulting 3D model. This CAD model was
drawn in SolidWorks†, and it can be exported for use in Zemax.
3. BEAM MAPPING AND CAMERA BEAM MODEL
We measured the optical power detected in the AdvACT mid-frequency (MF2) detector array for different
angles16 with an ambient temperature source in front of the camera. Optical loading was varied by spinning
7.5 cm× 7.5 cm squares of AN-72 Eccosorb‡ at specific angles in front of the MF2 optics tube window (aperture
ID: ∼ 30 cm). Accurate positioning of the Eccosorb was achieved using a semicircular (∼ 1.25 m in radius) hexcell
arch mounted horizontally in front of the MF2 window. Angular intervals every five degrees from the boresight
were marked on the arch, providing a ruler from −60◦ to +60◦. For each angular position, the Eccosorb squares
∗http://www.agisoft.com/
†http://www.solidworks.com
‡http://www.eccosorb.com/
Figure 1: The point cloud obtained with photogrammetry via Agisoft Photoscan, and the CAD model of the
telescope built from the point cloud. Primary and secondary mirrors follow the optical design of the telescope.15
The paneled secondary guard (flat panels around the secondary mirror of which the top part is shown) ring and
the comoving ground shield are shown. This model was imported as a solid model to Zemax for the ray trace.
were spun at 0.8 Hz for a time interval of three minutes using a stepper motor (200 steps per full rotation) that
was mounted to the hexcell arch at each five degree increment. The cross-section of the Eccosorb, as seen by
the camera, varies at a frequency of 1.6 Hz (as shown in the right panel of Figure 2). Figure 2 (left) shows the
hexcell arch mounted in front of MF2, with the stepper motor and Eccosorb squares mounted at the 0◦ position.
The modulation of the Eccosorb cross section was measured by the feedhorn coupled transition-edge sensors
(TES) in the MF2 detector array. An example of the time stream data is shown in Figure 3 (left). FFTs of the
detector time streams show signal in a 1.6 Hz tone as shown in Figure 3 (right). Only detectors within 10mm
of the array center were used in the analysis because their beams are expected to be centered on the cryostat
window. By comparing the power in the 1.6Hz tone at each angle, an estimate of the relative optical intensity
was obtained. The power in the 1.6Hz tone was computed at each angle, by integrating the power spectral
density from 1.55 to 1.65 Hz for each detector. The camera beam power pattern amplitude for a particular angle
is taken to be the mean integral of the power spectral density over the mentioned band and over the sampled
detectors. The uncertainty on this method is estimated as the standard deviation of the integral over the sampled
detectors. Work is ongoing to improve this estimate by considering systematic effects, such as the source physical
size or precision in the source placement. Excess loading while the modulator was near central angles may have
driven the detectors into non-linear regimes and is being investigated. A non-linear response would cause some
compression of the modulated signal, resulting in a under-estimated beam response at central angles. This effect
could artificially increase the relative power in the sidelobes and so these measurements currently set an upper
limit on the sidelobe power. Figure 4 shows the measured beam profile of the 90GHz and 150GHz bands in
MF2.
We fit the beam pattern to a piecewise functional form described by
CameraBeam(θ) =
 exp
(−(θ−cg)2
s2g
)
for θ < 11.3◦
Ae exp
(
−|θ−ce|
se
)
for θ > 11.3◦,
(1)
which is informed by the design of the instrument. This model contains a Gaussian central beam (produced
by the feedhorns in front of the detector array) with a width parameter given by sg truncated at an angle
(θ = 11.3◦) given by the diameter of the Lyot stop. The exponential fall-off is found phenomenologically and
its overall amplitude is given by Ae, while the speed of the fall-off is given by se. Finer angular structure is not
captured in this model as its main purpose is to measure the overall level.
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Figure 2: Left: Beam mapping setup mounted in front of the AdvACT’s mid frequency (MF2) optics tube
window. A semicircular arch (radius ∼ 1.25 m) is centered and normal to the window. The stepper motor-
modulated Eccosorb source is mounted on the arch at the 0◦ position. The source can easily be placed at any
5◦ increment along the arch between −60◦ and +60◦. Right: Diagram describing the setup. A rotating source
presents an area to the observer that depends on its angle θ with respect to the arch. The cross section (A = `×L
for a square) is proportional to the projection of one of the sides of the square ` = L| cosωt|. Upper right shows
the expected shape of the waveform for an infinitely thin source.
In Figure 4, the solid lines show the best fit for a Gaussian main beam and exponential sidelobes. The best
fit parameters for Equation 1 are given in Table 1. The encircled energy outside the central Gaussian beam is
3.1% for 90 GHz and 3.3% for 150 GHz.
Parameter sg[deg] cg[deg] Ae[−] se[deg] ce[deg]
90 GHz 15.1 -0.6 2.91× 10−3 28.9 -1.7
150 GHz 12.7 -0.4 1.90× 10−3 38.0 -2.4
Table 1: Best fit parameters of the beam map data shown in Figure 4. Parameters are as defined in Equation 1.
4. RAY TRACE MODEL
The beam measured in section 3 represents the near field power pattern P (θ) of the receiver camera as seen from
the secondary with origin at the center of the camera. The far field limit, given as dff = 2D
2
λ , where D is the
diameter of the aperture in question (in this case ∼ 30 cm) and λ is the wavelength of observation (3.3 or 2mm)
occurs at 55 or 90m from the camera aperture (at 90 or 150GHz).
The fit model of P (θ) is used to launch rays from the camera window. The probability of launching a ray in
a certain direction is proportional to the amplitude of the fit power pattern. A tilt was applied to the forward
direction of each beam depending on the optics tube that was being modeled. This tilt is given by the chief ray
director cosines from the optical design of AdvACT. The power pattern is assumed to be rotationally symmetric,
have a Gaussian dependence for angles where the camera illuminates the secondary (in the ray trace limit) and
have an exponential decay for large angles as described in Section 3.
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Figure 3: Detector time streams and their Fast Fourier Transform (FFT) while the source was placed at 0◦ on
the arch. Each line represents the time stream and FFT of a single 150GHz detector. Left: 8 second clip of
a 180 second time stream as measured by the 150GHz detectors within 10mm of the center of the MF2 array.
The modulated signal is clear and gives the expected f(t) = | cos(ωt)| response. Right: FFT of one 180 second
time stream clearly showing power at 1.6Hz. The ∼ 2.5 pW amplitude of the signal is a significant fraction of
the ∼ 10 pW saturation power of these bolometers. Preliminary analysis suggests that this may lead to modest
compression of the main beam at 150GHz, which we are continuing to study.
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Figure 4: Camera beam map for 90 and 150 GHz detectors of the MF2 array. The data fits to a Gaussian
main beam and exponential sidelobes. The cutoff angle between the Gaussian and exponential components is
set to 11.3◦ as determined by the Lyot stop diameter in the optics tube. The encircled energy outside the main
beam is 3.1% and 3.3% for 90 and 150 GHz respectively. Excess loading from the modulator may have caused
modest compression at the central angles which may artificially increase the relative power of the sidelobes.
These measurements are expected to set an upper limit on the sidelobe power.
(a) (b)
Figure 5: Solid model of ACT with one example ray trace of 30 rays per field. Three fields (green, red and blue)
are shown, corresponding to the center of the three cameras in the ACT receiver. In this example, two stray rays
can be seen (in green and blue), showing the direct line of sight sidelobe from the camera to the sky. Multiple
bounce sidelobes emerge after a large number of rays are traced.
In Zemax, we place a source with the best fit beam P (θ) at the center of one of the camera windows (PA3) to
simulate the response of this camera to off-axis radiation in the time-reverse sense. Figure 5 shows an example
of ray traces for a limited number of rays. We launch 107 rays to sample the sidelobe pattern far from the main
beam in this solid model and count the rays in an spherical grid surrounding the telescope. Total power injected
in this simulated system from the focal plane is 1 Watt, which is used as normalization for the angular power
density.
5. RESULTS AND DISCUSSION
The measured level of sidelobes for the camera beam is significantly higher than what is expected from a
physical optics diffraction only model (GRASP§) with perfectly absorptive walls (shown in Figure 6). It should
be noted that the measured camera beam is expected to set an upper limit on the sidelobe power due to possible
compression of the main beam. Figure 6 shows a linear and log comparison of the measured data points with the
spillover level at large angles. This discrepancy is consistent with scattering being the dominant source in the
camera sidelobe pattern. Measurements of the reflectance of the blackening agents used during the construction
of the camera are under way and are being considered for the construction of the Simons Observatory.
There is qualitative agreement between the ray trace model presented here and moon maps made during
observations. This simulation also agrees qualitatively with a partial (primary, secondary baffle and primary
guard ring, without comoving structure) telescope model physical optics calculations done in Grasp. Comparison
is shown in Figure 7. Common features between this model, the physical optics calculation and the and far
sidelobe moon maps include the sidelobes at 10, 30 and 90◦ shown in Figure 7. We have addressed lunar pickup
through a combination of adjusting the survey strategy to increase moon avoidance and cutting data when the
moon is located in the dominant sidelobes. The overall level of the sidelobes can be difficult to extract from
this simulation as diffraction is not included. However, through a combination of comparing the beam maps
and simulations with planet beam measurements2 we find that the peak sidelobe amplitude in the simulations
is approximately 60 dB below the main beam. This is consistent with estimates of moon pickup in far sidelobe
measurements.4 Further study is needed to contrast this with experiments and physical optics simulations.
§http://www.ticra.com
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Figure 6: Left: Measurement and simulations of the AdvACT camera beam. Measurements show a level of
sidelobes higher than what is expected from physical optics simulations of a perfectly absorbing wall camera
interior model. Preliminary ray tracing simulations in Zemax with a scattering function at the camera inner
walls are able to describe the discrepancy in the level of scattering. Detailed measurements of these scattering
functions can be used to refine this model. Right: Schematic of GRASP model (three lens and Lyot stop) used
to produce the physical optics beams shown on the left.
Figure 7: Left: Sidelobe map generated with the ray trace presented here. This is the result of one ray trace of
1×107 rays. Arrows show positions of known far sidelobes. The 10◦ sidelobe is present under the main beam and
has an arc shape. The 30◦ sidelobe has mirror symmetry for the center camera, this symmetry is broken when
the simulation is run for different pixels in the camera window, however the arc shape is preserved. Right: Grasp
simulation of a partial model of ACT. The simulation includes primary mirror, secondary baffle and primary
baffle. Secondary mirror is omitted here so the sidelobes can be seen. The comoving structure is missing in this
simulation, which produces artifacts in the lower part of the map (like the features near the 40◦ mark near 330◦
in the azimuthal coordinate).
6. CONCLUSION
We present a method for rapidly evaluating the sidelobe pattern of a millimeter wave experiment. This method
requires as an input the camera near field power pattern, for which we discuss measurements recently made in
Advanced ACTPol. We find qualitative agreement between the observed sidelobe pattern (from moon maps)
and the output of the angular distribution of scattered light by this model. This method is able to explain what
surfaces in the structure of the telescope are responsible for the features observed in the sidelobe map. This
method is fast and can be run in a desktop computer allowing exploratory analysis of baffling strategies that
minimize the impact of sidelobes in the data. This modeling approach is being used to control sidelobes and
inform the design of new telescopes for the Simons Observatory and CCAT-prime. Understanding and controlling
these effects will become increasingly important as new observatories like these extend CMB measurements to
much lower noise levels.
ACKNOWLEDGMENTS
The ACT project is supported by the U.S. National Science Foundation through awards AST-1440226, AST-
0965625 and AST-0408698, as well as awards PHY-1214379 and PHY-0855887. MDN and PAG acknowledge
support from NSF award AST-1454881. Work by NFC was supported by a NASA Space Technology Research
Fellowship. R.D. thanks CONICYT for grants PIA Anillo ACT-1417 and QUIMAL 160009.
REFERENCES
[1] Swetz, D. S., Ade, P. A. R., Amiri, M., Appel, J. W., Battistelli, E. S., Burger, B., Chervenak, J., Devlin,
M. J., Dicker, S. R., Doriese, W. B., Dunner, R., Essinger-Hileman, T., Fisher, R. P., Fowler, J. W.,
Halpern, M., Hasselfield, M., Hilton, G. C., Hincks, A. D., Irwin, K. D., Jarosik, N., Kaul, M., Klein, J.,
Lau, J. M., Limon, M., Marriage, T. A., Marsden, D., Martocci, K., Mauskopf, P., Moseley, H., Netterfield,
C. B., Niemack, M. D., Nolta, M. R., Page, L. A., Parker, L., Staggs, S. T., Stryzak, O., Switzer, E. R.,
Thornton, R., Tucker, C., Wollack, E., and Zhao, Y., “The Atacama Cosmology Telescope: The Receiver
and Instrumentation,” The Astrophysical Journal Supplement Series 194, 41 (June 2011). arXiv: 1007.0290.
[2] Thornton, R. J., Ade, P. A. R., Aiola, S., Angile, F. E., Amiri, M., Beall, J. A., Becker, D. T., Cho, H.-
M., Choi, S. K., Corlies, P., Coughlin, K. P., Datta, R., Devlin, M. J., Dicker, S. R., Dunner, R., Fowler,
J. W., Fox, A. E., Gallardo, P. A., Gao, J., Grace, E., Halpern, M., Hasselfield, M., Henderson, S. W.,
Hilton, G. C., Hincks, A. D., Ho, S. P., Hubmayr, J., Irwin, K. D., Klein, J., Koopman, B., Li, D., Louis,
T., Lungu, M., Maurin, L., McMahon, J., Munson, C. D., Naess, S., Nati, F., Newburgh, L., Nibarger,
J., Niemack, M. D., Niraula, P., Nolta, M. R., Page, L. A., Pappas, C. G., Schillaci, A., Schmitt, B. L.,
Sehgal, N., Sievers, J. L., Simon, S. M., Staggs, S. T., Tucker, C., Uehara, M., van Lanen, J., Ward, J. T.,
and Wollack, E. J., “The Atacama Cosmology Telescope: The polarization-sensitive ACTPol instrument,”
arXiv:1605.06569 [astro-ph] (May 2016). arXiv: 1605.06569.
[3] Henderson, S. W., Allison, R., Austermann, J., Baildon, T., Battaglia, N., Beall, J. A., Becker, D., Bernardis,
F. D., Bond, J. R., Calabrese, E., Choi, S. K., Coughlin, K. P., Crowley, K. T., Datta, R., Devlin, M. J.,
Duff, S. M., Dunkley, J., Dünner, R., Engelen, A. v., Gallardo, P. A., Grace, E., Hasselfield, M., Hills,
F., Hilton, G. C., Hincks, A. D., Hlozek, R., Ho, S. P., Hubmayr, J., Huffenberger, K., Hughes, J. P.,
Irwin, K. D., Koopman, B. J., Kosowsky, A. B., Li, D., McMahon, J., Munson, C., Nati, F., Newburgh, L.,
Niemack, M. D., Niraula, P., Page, L. A., Pappas, C. G., Salatino, M., Schillaci, A., Schmitt, B. L., Sehgal,
N., Sherwin, B. D., Sievers, J. L., Simon, S. M., Spergel, D. N., Staggs, S. T., Stevens, J. R., Thornton, R.,
Lanen, J. V., Vavagiakis, E. M., Ward, J. T., and Wollack, E. J., “Advanced ACTPol Cryogenic Detector
Arrays and Readout,” Journal of Low Temperature Physics 184, 772–779 (Mar. 2016).
[4] Naess, S., Hasselfield, M., McMahon, J., Niemack, M. D., Addison, G. E., Ade, P. A. R., Allison, R.,
Amiri, M., Battaglia, N., Beall, J. A., de Bernardis, F., Bond, J. R., Britton, J., Calabrese, E., Cho, H.-
m., Coughlin, K., Crichton, D., Das, S., Datta, R., Devlin, M. J., Dicker, S. R., Dunkley, J., Dünner, R.,
Fowler, J. W., Fox, A. E., Gallardo, P., Grace, E., Gralla, M., Hajian, A., Halpern, M., Henderson, S.,
Hill, J. C., Hilton, G. C., Hilton, M., Hincks, A. D., Hlozek, R., Ho, P., Hubmayr, J., Huffenberger, K. M.,
Hughes, J. P., Infante, L., Irwin, K., Jackson, R., Kasanda, S. M., Klein, J., Koopman, B., Kosowsky, A.,
Li, D., Louis, T., Lungu, M., Madhavacheril, M., Marriage, T. A., Maurin, L., Menanteau, F., Moodley,
K., Munson, C., Newburgh, L., Nibarger, J., Nolta, M. R., Page, L. A., Pappas, C., Partridge, B., Rojas,
F., Schmitt, B., Sehgal, N., Sherwin, B. D., Sievers, J., Simon, S., Spergel, D. N., Staggs, S. T., Switzer,
E. R., Thornton, R., Trac, H., Tucker, C., Uehara, M., Van Engelen, A., Ward, J., and Wollack, E. J.,
“The Atacama Cosmology Telescope: CMB Polarization at $200<\ell<9000$,” Journal of Cosmology and
Astroparticle Physics 2014, 007–007 (Oct. 2014). arXiv: 1405.5524.
[5] Louis, T., Grace, E., Hasselfield, M., Lungu, M., Maurin, L., Addison, G. E., Ade, P. A. R., Aiola, S.,
Allison, R., Amiri, M., Angile, E., Battaglia, N., Beall, J. A., de Bernardis, F., Bond, J. R., Britton, J.,
Calabrese, E., Cho, H.-m., Choi, S. K., Coughlin, K., Crichton, D., Crowley, K., Datta, R., Devlin, M. J.,
Dicker, S. R., Dunkley, J., Dünner, R., Ferraro, S., Fox, A. E., Gallardo, P., Gralla, M., Halpern, M.,
Henderson, S., Hill, J. C., Hilton, G. C., Hilton, M., Hincks, A. D., Hlozek, R., Ho, S. P. P., Huang, Z.,
Hubmayr, J., Huffenberger, K. M., Hughes, J. P., Infante, L., Irwin, K., Kasanda, S. M., Klein, J., Koopman,
B., Kosowsky, A., Li, D., Madhavacheril, M., Marriage, T. A., McMahon, J., Menanteau, F., Moodley, K.,
Munson, C., Naess, S., Nati, F., Newburgh, L., Nibarger, J., Niemack, M. D., Nolta, M. R., Nuñez, C.,
Page, L. A., Pappas, C., Partridge, B., Rojas, F., Schaan, E., Schmitt, B. L., Sehgal, N., Sherwin, B. D.,
Sievers, J., Simon, S., Spergel, D. N., Staggs, S. T., Switzer, E. R., Thornton, R., Trac, H., Treu, J., Tucker,
C., Van Engelen, A., Ward, J. T., and Wollack, E. J., “The Atacama Cosmology Telescope: Two-Season
ACTPol Spectra and Parameters,” Journal of Cosmology and Astroparticle Physics 2017, 031–031 (June
2017). arXiv: 1610.02360.
[6] De Bernardis, F., Stevens, J. R., Hasselfield, M., Alonso, D., Bond, J. R., Calabrese, E., Choi, S. K.,
Crowley, K. T., Devlin, M., Dunkley, J., Gallardo, P. A., Henderson, S. W., Hilton, M., Hlozek, R., Ho,
S. P., Huffenberger, K., Koopman, B. J., Kosowsky, A., Louis, T., Madhavacheril, M. S., McMahon, J.,
Naess, S., Nati, F., Newburgh, L., Niemack, M. D., Page, L. A., Salatino, M., Schillaci, A., Schmitt, B. L.,
Sehgal, N., Sievers, J. L., Simon, S. M., Spergel, D. N., Staggs, S. T., van Engelen, A., Vavagiakis, E. M.,
and Wollack, E. J., “Survey strategy optimization for the Atacama Cosmology Telescope,” arXiv:1607.02120
[astro-ph] , 991014 (July 2016). arXiv: 1607.02120.
[7] Stevens, J. R., Goeckner-Wald, N., Keskitalo, R., McCallum, N., Ali, A., Borrill, J., Brown, M. L., Chinone,
Y., Gallardo, P. A., Kusaka, A., Lee, A. T., McMahon, J., Niemack, M. D., Page, L., Puglisi, G., Salatino,
M., Mak, S. Y. D., Teply, G., Thomas, D. B., Vavagiakis, E. M., Wollack, E. J., Xu, Z., and Zhu, N.,
“Designs for next generation CMB survey strategies from Chile,” in [Millimeter, Submillimeter, and Far-
Infrared Detectors and Instrumentation for Astronomy IX ], 10708, 1070841, International Society for Optics
and Photonics (July 2018).
[8] Lockman, F. J., “Stray Radiation: Causes, Curses, and Cures,” 278, 397–411 (Dec. 2002).
[9] Dünner, R., Gallardo, P., Wollack, E., Henriquez, F., and Jerez-Hanckes, C., “Far sidelobes measurement
of the Atacama Cosmology Telescope,” in [Millimeter, Submillimeter, and Far-Infrared Detectors and In-
strumentation for Astronomy VI ], 8452, 845225, International Society for Optics and Photonics (Sept.
2012).
[10] Fluxa Rojas, P. A., Dünner, R., Maurin, L., Choi, S. K., Devlin, M. J., Gallardo, P. A., Ho, S.-P. P.,
Koopman, B. J., Louis, T., McMahon, J. J., Nati, F., Niemack, M. D., Newburgh, L., Page, L. A., Salatino,
M., Schillaci, A., Schmitt, B. L., Simon, S. M., Staggs, S. T., and Wollack, E. J., “Far sidelobe effects from
panel gaps of the Atacama Cosmology Telescope,” in [Millimeter, Submillimeter, and Far-Infrared Detectors
and Instrumentation for Astronomy VIII ], 9914, 99142Q, International Society for Optics and Photonics
(July 2016).
[11] Barnes, C., Hill, R. S., Hinshaw, G., Page, L., Bennett, C. L., Halpern, M., Jarosik, N., Kogut, A., Limon,
M., Meyer, S. S., Tucker, G. S., Wollack, E., and Wright, E. L., “First-Year Wilkinson Microwave Anisotropy
Probe (WMAP) Observations: Galactic Signal Contamination from Sidelobe Pickup,” The Astrophysical
Journal Supplement Series 148(1), 51 (2003).
[12] Tauber, J. A., Norgaard-Nielsen, H. U., Ade, P. a. R., Parian, J. A., Banos, T., Bersanelli, M., Burigana,
C., Chamballu, A., Chambure, D. d., Christensen, P. R., Corre, O., Cozzani, A., Crill, B., Crone, G.,
D’Arcangelo, O., Daddato, R., Doyle, D., Dubruel, D., Forma, G., Hills, R., Huffenberger, K., Jaffe, A. H.,
Jessen, N., Kletzkine, P., Lamarre, J. M., Leahy, J. P., Longval, Y., Maagt, P. d., Maffei, B., Mandolesi,
N., Martí-Canales, J., Martín-Polegre, A., Martin, P., Mendes, L., Murphy, J. A., Nielsen, P., Noviello, F.,
Paquay, M., Peacocke, T., Ponthieu, N., Pontoppidan, K., Ristorcelli, I., Riti, J.-B., Rolo, L., Rosset, C.,
Sandri, M., Savini, G., Sudiwala, R., Tristram, M., Valenziano, L., Vorst, M. v. d., Klooster, K. v. t., Villa,
F., and Yurchenko, V., “Planck pre-launch status: The optical system,” Astronomy & Astrophysics 520, A2
(Sept. 2010).
[13] LLC, Z., “Zemax, LLC Getting Started With OpticStudio 16,” (Apr. 2016).
[14] Renbarger, T., Dotson, J. L., and Novak, G., “Measurements of submillimeter polarization induced by
oblique reflection from aluminum alloy,” Applied Optics 37, 6643–6647 (Oct. 1998).
[15] Fowler, J. W., Niemack, M. D., Dicker, S. R., Aboobaker, A. M., Ade, P. a. R., Battistelli, E. S., Devlin,
M. J., Fisher, R. P., Halpern, M., Hargrave, P. C., Hincks, A. D., Kaul, M., Klein, J., Lau, J. M., Limon,
M., Marriage, T. A., Mauskopf, P. D., Page, L., Staggs, S. T., Swetz, D. S., Switzer, E. R., Thornton, R. J.,
and Tucker, C. E., “Optical design of the Atacama Cosmology Telescope and the Millimeter Bolometric
Array Camera,” Applied Optics 46, 3444–3454 (June 2007).
[16] Gallardo, P., Dunner, R., Wollack, E., Henriquez, F., and Jerez-Hanckes, C., “Mirror illumination and
spillover measurements of the Atacama Cosmology Telescope,” 845224 (Sept. 2012).
